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ABSTRACT: We present orally administrable prodrugs (OSC-
GCDIs) of guanidino oseltamivir carboxylate (GOC) based on
guanidine cyclic diimide (GCDI) to treat influenza viruses. By
concealing the guanidine group, which significantly limits the
intestinal absorption, its prodrugs OSC-GCDIs demonstrate dramatic
improvement of oral bioavailability. The most promising antiviral
substance OSC-GCDI(P) readily forms covalent adducts with serum
proteins via a degradable linker after the intestinal absorption.
Subsequently, the active species, GOC, is released from the conjugate
in a sustained manner, which greatly contributes to improving
pharmacokinetic properties. Because of the remarkable improvements
in both oral bioavailability and longevity of its active metabolite,
OSC-GCDI(P) demonstrates outstanding therapeutic efficacy against both wild-type and oseltamivir-resistant (H275Y) influenza
virus strains in a mouse infection model, even with a single oral administration.

■ INTRODUCTION
Oseltamivir phosphate (OS-P; Tamiflu), an ethyl ester
prodrug of oseltamivir carboxylate (OSC), is used as a first-
line therapy against both influenza A and B viruses, due to its
potent antiviral efficacy and high oral bioavailability (>80%)
(Figure 1a).1−5 However, the regimen for OS-P necessitates
oral administration twice daily for 5 days, leading to
inconvenience for patients. Furthermore, the emergence of
OS-resistant strains, notably with the H275Y mutation in
neuraminidase (NA), presents a great challenge and has
become a global concern.6−13 These circumstances highlight
the urgent need for novel therapeutics effective against wild-
type and OS-resistant viruses, with reduced dosing frequency.
Among anti-influenza viral drug candidates, guanidino

oseltamivir carboxylate (GOC) has been identified to be
highly potent against wild-type and OS-resistant virus
strains.1,5,14−16 The presence of the guanidine group provides
additional interactions with the E226 residue in NA, resulting
in a stronger binding affinity of GOC with the H275Y mutant
NA when compared to OSC.11,16 However, GOC exhibits very
low oral bioavailability (<4%), presenting a significant
limitation in oral administration.5,16 Zanamivir, another
guanidine-based antiviral agent, also faces challenges in oral
administration and is consequently being developed as an
inhalation drug.5,17

Bioactive guanidine compounds often encounter oral
bioavailability issues and are rarely found in orally admin-

istrable drugs. This difficulty mainly arises from the highly
polar nature of the charged guanidine group, which impedes
penetration through the intestinal barrier.18−21 To address
these concerns, several approaches have been suggested,
including conjugation with ligands,22−25 ion pairing,26−29 and
acylation30−34 or N-hydroxylation16,35,36 of guanidine groups.
However, each strategy has its own drawbacks, such as poorly
enhanced oral bioavailability, compromised effectiveness, and
complex synthetic routes.
Previously, our group has reported a novel chemical

structure termed guanidine cyclic diimides (GCDIs) (Figure
1b).37 GCDI structures are easily synthesized through
reactions between guanidines and cyclic anhydrides under
mild conditions. Notably, the GCDI formation effectively
conceals the positive charge of the free guanidine group,
thereby enhancing lipophilicity. Moreover, GCDIs can under-
go reversible degradation into the original guanidine species in
the presence of various nucleophiles.
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On the basis of these findings, we anticipated that a novel
prodrug strategy utilizing the GCDI structure could effectively
address the issue of low oral bioavailability of guanidine drugs
(Figure 1c). Because of a broad tolerance range of various
functional groups under mild GCDI formation conditions,

GCDI moieties can be directly installed on guanidine groups
without necessitating de novo synthetic pathways. Furthermore,
by controlling the GCDI structures, the lipophilicity of
prodrugs can be delicately tuned for facilitating efficient
intestinal absorption. Once absorbed, the GCDI prodrugs can

Figure 1. Novel prodrug strategy to enable oral administration of guanidine drugs utilizing the guanidine cyclic diimide (GCDI) structure. (a)
Chemical structures of oseltamivir phosphate (OS-P) and guanidino oseltamivir carboxylate (GOC). (b) Reversible formation and degradation of
GCDI. (c) Schematic illustration of the prodrug strategy to enhance oral bioavailability and pharmacokinetic half-lives of the guanidine drugs via
installation of the GCDI moieties. (d) Synthesis and chemical structures of OSC-GCDIs.
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be readily degraded in the bloodstream to release the active
species.
In this work, we synthesized eight GCDI-based prodrugs of

GOC, termed oseltamivir carboxylate guanidine cyclic diimides
(OSC-GCDIs). Our results demonstrate that their enhanced
lipophilicity significantly improved intestinal absorption in vitro
and in vivo. More importantly, the absorbed OSC-GCDIs
exhibited prolonged pharmacokinetic half-lives in the blood-
stream, likely due to noncovalent or covalent interactions with
serum proteins. The outstanding enhancement of both oral
bioavailability and pharmacokinetics enabled OSC-GCDI(P)
to exert excellent therapeutic effect against not only wild-type
but also H275Y mutant influenza viruses in a mouse infection
model, even with a single oral administration. We suggest
OSC-GCDI(P) as a promising antiviral candidate against
broad-spectrum influenza viruses. Moreover, the synthesis of
GCDI-based prodrugs can serve as a robust platform to
enhance the oral bioavailability and pharmacokinetics of
various guanidine-based drugs.

■ RESULTS AND DISCUSSION
Synthesis of GCDI Prodrugs. The GCDI structure was

introduced onto the guanidine group of GOC, an effective
compound against the wild-type as well as H275Y mutant
influenza viruses.1,5,14−16 Through reactions with various cyclic
anhydrides (Figure 1d),37 OSC-GCDIs were obtained in
reasonable isolated yields (38−85%). To modulate the
lipophilicity of the prodrugs, four different 5-membered cyclic
anhydrides, succinic anhydride (S), methyl succinic anhydride
(M), 2,2-dimethyl succinic anhydride (D), and n-butyl succinic
anhydride (B), were reacted with GOC to form OSC-
GCDI(S), OSC-GCDI(M), OSC-GCDI(D), and OSC-
GCDI(B), respectively. Moreover, other four cyclic anhydrides
with another 6-membered fused ring, cis-1,2-cyclohexanedi-
carboxylic anhydride (C), cis-1,2-cyclohexenedicarboxylic
anhydride (Ce), 4-methyl-1,2-cyclohexenedicarboxylic anhy-
dride (CM), and phthalic anhydride (P), were reacted with
GOC to form OSC-GCDI(C), OSC-GCDI(Ce), OSC-

GCDI(CM), and OSC-GCDI(P), respectively. All the OSC-
GCDIs could be directly synthesized from GOC, implying that
the GCDI-based prodrug strategy can be generally applied to
any guanidine-containing drugs at the final stages without
requirement of de novo synthetic pathways for the prodrugs.

Lipophilicity of OSC-GCDIs. Lipophilicity is highly
correlated to intestinal absorption rate and is regarded as a
critical parameter in the development of orally administered
drugs.38 The octanol−water partition coefficient (log P) and
distribution coefficient (log D) are common standards for
assessing drug lipophilicity. Typically, log P and log D values at
pH 7.4 (log D7.4) for orally administrable drugs range from −1
to 5.39,40

All the OSC-GCDIs showed significantly increased log P
values compared to GOC, which exhibited low log P values of
−1.35 (Figure 2a). In terms of log D7.4, which reflects the
ionizable nature of the free carboxyl group, all the OSC-
GCDIs, except for OSC-GCDI(S), showed notably increased
log D7.4 values, ranging from −0.51 to 1.01, compared to GOC
with a log D7.4 value of −1.49 (Figure 2b). The lipophilicity of
OSC-GCDIs well correlates with the GCDI structure,
increasing with the imide hydrophobicity (S < M < D < B).
OSC-GCDIs synthesized from fused-ring anhydrides showed
log P and log D7.4 values of 1.10−1.62 and 0.46−1.01,
respectively. The lipophilicity of GOC increased from 8.8-fold
in OSC-GCDI(S) to 2082-fold in OSC-GCDI(B) via the
GCDI modification (based on P). Except for OSC-GCDI(S),
the lipophilicity values of all OSC-GCDIs fell within the
typical range for orally administrable drugs, illustrating the
effectiveness of our GCDI prodrug strategy in enhancing
lipophilicity. Notably, all the OSC-GCDIs except OSC-
GCDI(S) and OSC-GCDI(M) exhibited even higher log P
and log D7.4 values than OS-P, which has excellent oral
bioavailability.

Parallel Artificial Membrane Permeability Assay
(PAMPA) of OSC-GCDIs. While the precise absorption
mechanism of the GCDI prodrugs remained unclear at that
stage, it was plausible that these prodrugs would exhibit a

Figure 2. Lipophilicity and membrane permeability of OSC-GCDI prodrugs. (a) Octanol−water partition coefficients (log P) of OS-P, GOC, and
the OSC-GCDI prodrugs. (b) Octanol-phosphate buffer distribution coefficients at pH 7.4 (log D7.4) of OS-P, GOC, and the OSC-GCDI
prodrugs. (c) Effective permeability through the artificial membrane of OS-P, GOC, and the OSC-GCDI prodrugs. The data are presented as
means ± standard deviations (SD) (n = 3). n.d., not detected.
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higher passive diffusion rate through the duodenal mucosa
compared to GOC. To assess this hypothesis, we conducted
the parallel artificial membrane permeability assay (PAMPA)
for simulating passive transcellular permeation.41

The permeation rate of each OSC-GCDI through the
artificial membrane was calculated by measuring the effective
permeability (Pe). The permeability of GOC was almost
negligible under these conditions; however, all OSC-GCDIs
except OSC-GCDI(S) exhibited a remarkable increase in Pe
(Figure 2c). In line with the lipophilicity tendency, OSC-
GCDIs with bulkier imide groups tended to have higher Pe
values. It is noteworthy that four OSC-GCDIs, specifically
OSC-GCDI(B), OSC-GCDI(C), OSC-GCDI(CM), and
OSC-GCDI(P), demonstrated Pe values that were comparable
to or even exceeding those of OS-P (Pe = 2.27 × 10−6 cm/s)
and a control compound with medium permeability (Pe = 2.93
× 10−6 cm/s). These findings led us to expect that GCDI
derivatization could significantly enhance the intestinal
absorption of guanidine drugs, potentially enabling their
successful oral administration.

Activation of OSC-GCDIs and Conjugation to Albu-
min. Our group has previously demonstrated that the GCDI
structures are readily degraded, releasing their parent
guanidine molecules in the presence of various nucleophiles.37

Consequently, we anticipated that GCDI prodrugs would
regenerate the active drug, GOC, after intestinal absorption.
Initially, we evaluated the stability or degradability of OSC-
GCDIs (Table 1 and Figure S1) in phosphate buffers with
different pHs. In general, OSC-GCDIs featuring bulkier imide
groups exhibited greater stability against hydrolysis, likely due
to reduced water accessibility to the imide carbonyl groups.
Moreover, the hydrolysis rate of the GCDI prodrugs escalated
with increasing pH. At pH 2.0 (mimicking stomach
conditions), all OSC-GCDIs, except OSC-GCDI(P) with a
half-life of 94 min, maintained excellent stability with half-lives
longer than 24 h. At pH 6.5 (representing duodenal
conditions), most prodrugs presented half-lives beyond 5 h,
except for OSC-GCDI(P) with a half-life of 88 min. The least
stable OSC-GCDI(P) exhibited half-life of 14.1 min at pH 7.4,
whereas the most stable OSC-GCDI(D) demonstrated a half-
life exceeding 8 h at pH 7.4. Other prodrugs showed half-lives
ranging from 1 to 8 h at pH 7.4, and from 3 min to 3 h at pH
8.0. As suggested in previous studies,42 we suspect that the
exceptional hydrolysis rate of OSC-GCDI(P) can be attributed
to additional ring strain of the phthalimide structure to
maximize the electron delocalization, which may lead to

intrinsic instability of OSC-GCDI(P). Additionally, given that
aromatic carboxylic acids generally have higher acidity than
aliphatic acids, the negative charge of the amic acid
intermediate, which is generated by the degradation of OSC-
GCDI(P), is expected to be stabilized more efficiently in the
aromatic ring compared to those from other OSC-GCDIs with
the aliphatic imide structures. These characteristics may
contribute to the faster hydrolysis of OSC-GCDI(P).
To ascertain if OSC-GCDIs convert into their active form,

GOC, after absorption into the bloodstream, we incubated the
OSC-GCDIs in BALB/c mouse and human serum and then
quantified both unhydrolyzed OSC-GCDIs and hydrolyzed
GOC (Table 1 and Figure S2). OSC-GCDIs underwent
significantly faster degradation in serum than in phosphate
buffers. Most OSC-GCDIs showed half-lives of approximately
10−30 min, with bulkier imide groups generally associated
with longer half-lives. OSC-GCDI(P) displayed the shortest
half-life (1.3 min), while OSC-GCDI(D) had the longest
(>100 min) in serum. The degradation rate of OSC-GCDIs
was not accelerated by Sprague−Dawley rat liver microsomes
(Table S1). The results supported that the degradation of
OSC-GCDIs or activation to GOC might be based primarily
on reactions in serum, not by hepatic metabolism.
The liberation of GOC was notably slower than the

degradation of GCDI species in serum (Figure S2).
Particularly, OSC-GCDI(P), which exhibited only a half-life
of 1.3 min in serum, released 37% of GOC after 30 min and
68% after 24 h. Similarly, OSC-GCDI(M) and OSC-
GCDI(C) released GOC in a sustained and gradual manner
after the original compounds have completely disappeared,
suggesting the existence of intermediates prior to the full
hydrolysis into GOC. Given their structural features, the
conversion of OSC-GCDIs to GOC theoretically requires four
nucleophilic attacks on the imide rings, possibly yielding
various guanidine amic acids as likely intermediates (Figure
S3).
The more rapid degradation of OSC-GCDIs in serum

compared to buffers implies the possibility of nucleophilic
attacks on the GCDI structure by nonwater nucleophiles. We
suspected that the nucleophilic residues of serum proteins
could attack the GCDI imide rings. The increased lipophilicity
of OSC-GCDIs might facilitate their noncovalent association
with albumin, thereby increasing the probability of nucleo-
philic attacks on the GCDI structures. Corroborating this
hypothesis, MALDI-TOF MS analysis of the mixture of OSC-
GCDI(P) and human serum albumin (HSA) provided the

Table 1. Half-Lives of the OSC-GCDI Prodrugs in Phosphate Buffer and Serum

T1/2 (min)a

Phosphate buffer Serum

Compound pH 2.0b pH 6.5b pH 7.4b pH 8.0b BALB/cc Humanc

OSC-GCDI(S) >1440 770.2 101.9 42.0 17.5 16.7
OSC-GCDI(M) >1440 866.4 108.3 39.5 13.5 18.4
OSC-GCDI(D) >1440 >1440 495.1 161.2 158 117
OSC-GCDI(B) >1440 >1440 462.1 157.5 17.1 52.5
OSC-GCDI(C) >1440 630.1 81.6 26.8 23.8 26.2
OSC-GCDI(Ce) >1440 1155 105.0 54.2 35.7 53.3
OSC-GCDI(CM) >1440 693.1 99.0 3.92 13.3 31.2
OSC-GCDI(P) 93.7 87.7 14.1 <1 1.3 1.3

aDetermined by HPLC analysis of the remaining prodrugs at various time points. The calculation of the half-lives was based on the assumption of
pseudo-first-order kinetics of the degradation. bExamined in phosphate-buffered saline (50 mM phosphate, 154 mM ionic strength, 37 °C).
cExamined in serum at a prodrug concentration of 200 μM at 37 °C.
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evidence of covalent adducts between them (Figures 3a and
S4). Several lysine and arginine residues in HSA were
covalently conjugated to the prodrug via amide or acyl
guanidine linkages.
The covalent conjugation of the GCDI prodrugs onto serum

proteins can provide a new strategy to increase pharmacoki-
netic half-lives. Similar to other albumin-conjugated
drugs,43−46 the GCDI prodrugs are likely to remain in the
bloodstream in their conjugated form with albumin, thereby
reducing their hepatic intracellular metabolism and excretion
rates. Considering the vulnerability of the guanidine amide
linkage between GOC and albumin to nucleophilic attacks, it
was postulated that GOC could be gradually released from
albumin via hydrolytic intermediates (Figure 3b). Indeed,
incubation of OSC-GCDI(P)-HSA and OSC-GCDI(C)-HSA
conjugates resulted in the release of GOC in a sustained
manner for at least 72 h (Figure S5).
In Vitro Antiviral Activity of OSC-GCDIs. To evaluate

the antiviral effectiveness of OSC-GCDIs and GOC, we
conducted a cell-based assay to assess the cytopathic effects
resulting from the infection of different influenza virus
(sub)types, such as A/Puerto Rico/8/1934 (PR8; H1N1),
A/Hong Kong/8/1968 (HK; H3N2), and B/Lee/1940 (Lee)
(Table 2). OSC-GCDIs exhibited comparable activity against
PR8, with EC50 values ranging from 0.01 to 0.09 μM. For HK-
infected cells, the EC50 values was below 0.04 μM, with OSC-
GCDI(C) showing the most potent inhibition (EC50, < 0.005
μM). These compounds demonstrated variable antiviral
efficacy against the influenza B virus strain, Lee, with EC50
values ranging from 2.21 to 72.38 μM, and the lowest values

observed for OSC-GCDI(C) and OSC-GCDI(P). Collec-
tively, among the OSC-GCDIs tested, OSC-GCDI(C) and
OSC-GCDI(P) demonstrated relatively more potent antiviral
activity against influenza A and B viruses, in vitro.
To evaluate broad-spectrum antiviral efficacy, particularly

against OS-resistant viruses with the H275Y mutation in NA,
we further evaluated the change in antiviral effectiveness
against the reverse genetically rescued PR8 virus (rgPR8) and
its corresponding H275Y mutant strain (rgPR8(H275Y))
(Table 2). The calculated resistance factors (RFs), defined as
the ratio of EC50 values against rgPR8(H275Y) to wild-type
rgPR8, indicated a substantial reduction in antiviral resistance
for all OSC-GCDIs (RFs, 14.1−190) and GOC (RF, 18.0),
both of which were discriminated from that of OSC (RF, 274).
Additionally, we investigated the antiviral activity of these
OSC-GCDIs against other H275Y mutants, A/Korea/2785/
2009 (KR2785) and rgA/Korea/09/2009Δ53−60 (rgKR09).
The OSC-GCDIs surpassed OSC in antiviral activity against
the H275Y mutant viruses, although they were not as potent as
GOC. Given that full activation from OSC-GCDIs to GOC
take a substantial amount of time in buffers or serum (Table 1
and Figures S1−S3), the observed reduced in vitro efficacy of
the GCDI prodrugs is understandable. Among the OSC-
GCDIs, OSC-GCDI(S), OSC-GCDI(M), OSC-GCDI(C),
and OSC-GCDI(P) exhibited superior activity relative to the
remaining four compounds. Taken together, GCDI formation
from OSC appeared to contribute to recovering its reduced
antiviral activity against the H275Y mutant viruses.

In Vivo Pharmacokinetics and Antiviral Activity of
OSC-GCDIs. GOC is more potent than OSC both against

Figure 3. Covalent conjugation of OSC-GCDIs to human serum albumin (HSA). (a) Amino acid residues conjugated with OSC-GCDI in HSA,
which were identified by MALDI-TOF MS. Suggested structures of the covalent linkage between the sequence and OSC-GCDI(P) are shown. (b)
A proposed mechanism of the GOC release from HSA. The lysine adduct of OSC-GCDI(P), K1, can be successively hydrolyzed to K2, K3, and
finally, GOC.
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wild-type and OS-resistant influenza viruses (Table 2).16,47

However, the limited oral bioavailability of GOC has
hampered its effectiveness for clinical development. Encour-
aged by the improved in vitro permeability of OSC-GCDIs and
their successful conversion to active GOC in serum, we
explored the in vivo pharmacokinetic (PK) properties and
antiviral activity of OSC-GCDI(C) and OSC-GCDI(P),
which exhibited the most potent and broad-spectrum antiviral
activity in vitro (Table 2).
In preliminary experiments, GOC as a trifluoroacetate salt

(GOC·TFA), OSC-GCDI(C), and OSC-GCDI(P) were
orally administered to mice. Pharmacokinetic analysis over
24 h revealed that GOC·TFA had an oral bioavailability (Ft) of
9.69% and a plasma half-life (T1/2) of 4 h (Figure S6a).
However, the Ft values for OSC-GCDI(C) and OSC-
GCDI(P) were 0.48% and 5.95%, respectively (Figure S7),
less than that of GOC·TFA. Notably, we found that OSC-
GCDI(P) exhibits a remarkably longer T1/2 (6.93 h) compared
to GOC·TFA, which has a T1/2 of 4.00 h, and OSC-GCDI(C),
for which T1/2 could not be estimated. These results suggest
that although orally administered OSC-GCDI(P) has limited
bioavailability, it facilitates sustained release of the active
metabolite, GOC, in mouse blood.
On the basis of the extended half-life of OSC-GCDI(P), we

hypothesized that consistent concentrations of GOC metab-
olized from orally administered OSC-GCDI(P) could
effectively protect mice from influenza virus infection.
Nevertheless, the therapeutic efficacy of OSC-GCDI(P) in a

mouse infection model was inferior to those of OS-P and
GOC, as measured by dose response in survival rates and
mortality (Figure S8), likely attributed to suboptimal Cmax and
resulting insufficient oral bioavailability. We assumed that these
relatively poor antiviral activity of OSC-GCDI(P) in oral
administration especially at lower doses could result from its
vulnerability against nucleophiles prior to intestinal adsorption.
Although OSC-GCDI(P) is stable in acidic buffers simulating
stomach pH, it is prone to hydrolysis into GOC under neutral
or basic conditions (Table 1), and to covalent binding with
proteins by their nucleophilic attack to OSC-GCDI(P) along
the gastrointestinal track (Figure 3). Such reactions may result
in the accumulation of metabolites or metabolic intermediates
from OSC-GCDI(P) with reduced intestinal absorption,
underscoring the need of formulation for protecting it from
premature degradation.

In Vivo Pharmacokinetics and Antiviral Activity of
OSC-GCDIs Formulated with HPMCP. To minimize the
gastrointestinal degradation before intestinal absorption, OSC-
GCDIs were formulated with a gastro-retentive drug delivery
vehicle, hydroxypropyl methylcellulose phthalate (HPMCP),
designated as OSC-GCDI/HPMCP. OSC-GCDI(C) and
OSC-GCDI(P) were successfully encapsulated within
HPMCP through coprecipitation in an acidic solution (Figure
S9). The HPMCP encapsulation itself has no significant effect
on the passive diffusion into membranes as shown in the
PAMPA results of GOC/HPMCP and OSC-GCDI(P)/
HPMCP (Table S2).

Table 2. Antiviral Activity of OSC-GCDI Prodrugs against Influenza A and B Viruses in MDCK Cells

EC50 (μM)b(S.I.)c

Compound
CC50
(μM)a PR8d HKe Leef rgPR8g

rgPR8
(H275Y)h

KR2785
(H275Y)i

rgKR09
(H275Y)j

OSC-GCDI(S) >100 0.06 ± 0.01 0.03 ± 0.01 11.10 ± 1.20 0.07 ± 0.01 0.99 ± 0.01 8.55 ± 2.15 2.20 ± 0.10
(>1667) (>3333) (>9.01) (>1429) (>101) (>11.7) (>45.5)

OSC-GCDI(M) >100 0.04 ± 0.01 0.02 ± 0.01 5.55 ± 1.65 0.02 ± 0.01 0.74 ± 0.05 4.61 ± 0.35 1.96 ± 0.15
(>2500) (>5000) (>18.0) (>5000) (>135.1) (>21.7) (>51.0)

OSC-GCDI(D) >100 0.07 ± 0.01 0.03 ± 0.01 13.70 ± 2.85 0.05 ± 0.01 1.52 ± 0.20 9.25 ± 2.40 4.37 ± 1.10
(>1429) (>3333) (>7.3) (>2000) (>65.8) (>10.8) (>22.9)

OSC-GCDI(B) >100 0.09 ± 0.01 0.04 ± 0.01 72.38 ± 1.35 0.08 ± 0.01 3.41 ± 0.01 17.59 ± 2.90 12.86 ± 0.65
(>1111) (>2500) (>1.4) (>1250) (>29.3) (>5.7) (>7.8)

OSC-GCDI(C) >100 0.01 ± 0.01 <0.005 2.21 ± 0.20 0.01 ± 0.01 0.49 ± 0.01 5.91 ± 0.85 3.70 ± 0.50
(>10,000) (>20,000) (>45.2) (>10,000) (>204.1) (>16.9) (>27.0)

OSC-GCDI(Ce) >100 0.03 ± 0.01 0.02 ± 0.01 11.96 ± 4.85 0.01 ± 0.01 1.90 ± 0.10 13.22 ± 0.10 5.21 ± 0.02
(>3333) (>5000) (>8.4) (>10,000) (>52.6) (>7.6) (>19.2)

OSC-GCDI(CM) >100 0.03 ± 0.01 0.01 ± 0.01 8.36 ± 1.00 0.01 ± 0.01 1.20 ± 0.05 13.98 ± 5.15 4.43 ± 0.25
(>3333) (>10,000) (>12.0) (>10,000) (>83.3) (>7.2) (>22.7)

OSC-GCDI(P) >100 0.03 ± 0.01 0.01 ± 0.01 2.26 ± 0.40 0.01 ± 0.01 0.48 ± 0.01 4.61 ± 0.35 4.61 ± 0.05
(>3333) (>10,000) (>44.2) (>16,667) (>208.3) (>21.7) (>21.7)

GOC >100 0.005 ± 0.001 <0.005 0.70 ± 0.15 0.005 ± 0.001 0.09 ± 0.01 0.78 ± 0.01 0.11 ± 0.01
(>20,000) (>20,000) (>142.9) (20,000) (>1111) (>128.2) (>909.1)

OSC >100 0.10 ± 0.01 <0.005 1.29 ± 0.25 0.05 ± 0.01 13.71 ± 2.70 56.61 ± 0.30 25.87 ± 0.65
(>1000) (>20,000) (>77.5) (>2000) (>7.3) (>1.8) (>3.9)

RBVk >100 11.1 ± 0.01 21.78 ± 1.10 13.41 ± 0.95 15.95 ± 1.55 16.43 ± 0.45 18.26 ± 1.30 15.79 ± 0.15
(>9.0) (>4.6) (>7.5) (>6.3) (>6.1) (>6.6) (>6.3)

AMTl >100 >100 1.56 ± 0.40 >100 >100 >100 >100 >100
(n.d.)m (>64.1) (n.d.) (n.d.) (n.d.) (n.d.) (n.d.)

aFifty percentage cytotoxic concentration to MDCK cells. bFifty percent effective concentration against influenza virus. cSelectivity index, the ratio
of CC50 to EC50.

dA/Puerto Rico/8/1934 (H1N1). eA/Hong Kong/8/1968 (H3N2). fB/Lee/1940. gReverse genetically generated A/Puerto
Rico/8/1934. hReverse genetically generated A/Puerto Rico/8/1934 with the H275Y mutation in NA. iA/Korea/2785/2009 (H1N1) with the
H275Y mutation in NA. jReverse genetically generated A/Korea/09/2009Δ53−60 with the H275Y mutation and amino acid deletion between 53
and 60 in NA. kRibavirin. lAmantadine. mNot determined. The data are presented as means ± standard deviations (SD) (n = 3).
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In an initial mouse pharmacokinetics analysis for 24 h, the Ft
values of OSC-GCDI(C)/HPMCP and OSC-GCDI(P)/
HPMCP were determined to be 12.69% and 10.54%,
respectively, which were notably higher than those of
unformulated OSC-GCDI(C) and OSC-GCDI(P) (Figure
4a and b, and Figure S7a and b). More importantly, we found
that plasma GOC concentrations were almost constant even
24 h postadministration, implying the possibility of prolonged
GOC release in the bloodstream. Consequently, we extended
our pharmacokinetic analysis to rats for a longer period of 48 h,
observing that OSC-GCDI(C)/HPMCP and OSC-GCDI(P)/
HPMCP exhibited remarkably higher Ft values of 27.96% and

134.27%, respectively (Figure 4c and d), compared to GOC·
TFA with an Ft value of 2.36% (Figure S6b). The Ft exceeding
100% for OSC-GCDI(P)/HPMCP may be attributed to the
slower clearance rate of OSC-GCDI(P) as a result of covalent
interactions with plasma proteins.48,49 These findings proved
enhanced intestinal adsorption of OSC-GCDIs when encapsu-
lated with HPMCP. In addition, given that the Pe value of
OSC-GCDI(C) is comparable to that of OSC-GCDI(P)
(Figure 2c), we suspect that the lower Ft value of OSC-
GCDI(C) compared to that of OSC-GCDI(P) probably did
not result from poor intestinal absorption of OSC-GCDI(C).
Considering that Ft is defined as the molar ratio of detected

Figure 4. Pharmacokinetic properties of OSC-GCDIs/HPMCP in mice and rats. (a, b) Plasma concentrations and pharmacokinetic parameters of
OSC-GCDIs (blue ●) and GOC (red ●) at various time points after oral administration of (a) OSC-GCDI(C)/HPMCP and (b) OSC-
GCDI(P)/HPMCP to mice at doses of 5 mg/kg based on the amount of OSC-GCDIs within the complex. (c, d) Plasma concentrations and
pharmacokinetic parameters of OSC-GCDIs (blue ●) and GOC (red ●) at various time points after oral administration of (c) OSC-GCDI(C)/
HPMCP and (d) OSC-GCDI(P)/HPMCP to rats at doses of 10 mg/kg based on the amount of OSC-GCDIs within the complex. The data are
presented as means ± standard deviations (SD) from three mice or rats, except for those from OSC-GCDI(C) in panel (a) at 0.25 h and OSC-
GCDI(P) in panel (b) at 0.25 h, which were detected in one mouse among the three. The GOC concentration in plasma equivalent to an EC50
value (0.005 μM) against PR8 (A/H1N1) in MDCK cells is indicated by red dashed lines. n.a., not applicable; n.c., not calculated.

ACS Central Science http://pubs.acs.org/journal/acscii Article

https://doi.org/10.1021/acscentsci.4c00548
ACS Cent. Sci. 2024, 10, 1573−1584

1579

https://pubs.acs.org/doi/10.1021/acscentsci.4c00548?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.4c00548?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.4c00548?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.4c00548?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.4c00548?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


active species (GOC) to orally administered prodrug (OSC-
GCDI), not only intestinal absorption but also activation rate

in vivo is a crucial factor. Therefore, the lower Ft of OSC-
GCDI(C) may be due to slower activation of OSC-GCDI(C)

Figure 5. Effect of oral administration frequency on therapeutic efficacy of OSC-GCDI(P)/HPMCP in mice infected with a wild-type influenza
virus and an OS-resistant influenza virus harboring the H275Y mutation in NA. (a) Schematic representation illustrating the administration
frequency of OSC-GCDI(P) formulated with HPMCP to mice infected by wild-type mouse-adapted virus (maPR8) or the OS-resistant A/H1N1
virus (rgA/Korea/09/2009Δ53−60(H275Y), referred to as A/H1N1(H275Y)). Each compound was additionally administered at different
intervals: days 1 to 4 postinfection in group 1, days 2 and 4 in group 2, day 3 in group 3, and day 4 in group 4. In Group 5, there was no additional
treatment after the single administration. (b−d) Survival rates of maPR8-infected mice after (b) OS-P, (c) GOC·TFA, or (d) OSC-GCDI(P)
administration. (e−g) Survival rates of A/H1N1(H275Y)-infected mice after (e) OS-P, (f) GOC·TFA, or (g) OSC-GCDI(P) administration.
Groups with overlapping survival rate curve are indicated with blue brackets. Statistical significance was determined by comparing time-course
survival rates to the maPR8- or A/H1N1(H275Y)-infected group. *, P < 0.05; **, P < 0.01.

ACS Central Science http://pubs.acs.org/journal/acscii Article

https://doi.org/10.1021/acscentsci.4c00548
ACS Cent. Sci. 2024, 10, 1573−1584

1580

https://pubs.acs.org/doi/10.1021/acscentsci.4c00548?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.4c00548?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.4c00548?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.4c00548?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.4c00548?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


into GOC in the bloodstream (Figures S2 and S5), which may
lead to incomplete activation within 48 h in the rat model.
Moreover, OSC-GCDI(C)/HPMCP and OSC-GCDI(P)/
HPMCP exhibited T1/2 of 40.97 and 10.29 h, respectively,
which were significantly longer than that of GOC·TFA (3.57
h). The four times longer T1/2 of OSC-GCDI(C) than that of
OSC-GCDI(P) also supports our argument for the slower
activation of OSC-GCDI(C) than OSC-GCDI(P). Further-
more, OSC-GCDI/HPMCP formulations maintained the
GOC concentrations above the EC50 value (5.0 nM equal to
1.63 ng/mL) for at least 2 days. The higher lipophilicity of
OSC-GCDIs could facilitate noncovalent binding to albumin,
thereby prolonging circulation.50−52 Taken together, the result
suggested that OSC-GCDIs circulates as a covalently
conjugated form with serum proteins in the bloodstream,
releasing GOC in a sustained manner to increase T1/2 (Figure
3).
The pharmacokinetic analysis results motivated an explora-

tion into whether OSC-GCDI(P)/HPMCP could extend the
dosing interval of the antiviral agent (Figure 5). We orally
administrated an identical dose, 10 mg/kg, of OSC-GCDI(P)/
HPMCP, as well as OS-P or GOC·TFA, to mice before
maPR8 infection at an MLD50 of 10. Subsequently, they were
treated every day (group 1) or every other day (group 2) for 5
days. To impose more stringent conditions, additional
treatments were confined on day 3 (group 3) or day 4
(group 4) or discontinued (group 5) after the first
administration (Figure 5a).
When administered with OS-P, there were minimal body

weight changes in group 1 with complete survival (Figures 5b
and S10a). In groups 2, 3, and 4, body weights initially
decreased but have recovered by day 9, resulting in survival
rates of 100, 60, and 40%, respectively. However, all mice in
group 5 were dead by day 10 after infection. The results well
aligned with the short half-life of OS-P less than 1 day.53 GOC·
TFA showed antiviral responses comparable or slightly better
than OS-P, resulting in complete survival in groups 1, 2, and 3,
but 60 and 0% in groups 4 and 5, respectively (Figures 5c and
S10b). Notably, when OSC-GCDI(P)/HPMCP was adminis-
tered, mice survived in all groups (Figures 5d and S10c).
Although body weight decreased transiently at the initial stage
in group 5, it returned to nearly normal by day 14
postinfection. The data strongly suggested that consistent
plasma concentration and extended retention time of GOC
metabolized from OSC-GCDI(P) are further enhanced when
formulated with HPMCP, making it orally available even after
a single shot to treat influenza viral infection.
When OSC-GCDI(P)/HPMCP was administrated twice-a-

day (b.i.d.) for over 5 days, similar to the standard dosing of
OS-P in the clinic, OSC-GCDI(P)/HPMCP did not show the
antiviral potency over those of GOC·TFA and OS-P (Figures
S8 and S11). The results also supported that much stronger
therapeutic effect of OSC-GCDI(P)/HPMCP than GOC·
TFA and OS-P with a single oral administration was originated
from the maintenance of the GOC concentration above the
EC50 value for a prolonged period.
In Vivo Antiviral Activity of OSC-GCDI(P)/HPCMP

against OS-Resistant Virus. We further explored whether
OSC-GCDI(P)/HPMCP is effective against an OS-resistant
influenza virus carrying an H275Y mutation, rgKR09, in a
mouse model. Following the regimen illustrated in Figure 5a,
mice infected with an MLD50 of 5 of the virus were orally

administered with OS-P, GOC·TFA, and OSC-GCDI(P)/
HPMCP.
When administered with OS-P, both daily treatment (group

1) and every-other-day treatment (group 2) for 5 days
exhibited drastic body weight loss and a survival rate of 20%,
which was not statistically significant compared to the virus-
only group (A/H1N1(H275Y)) (Figures 5e and S12a). In
other groups (groups 3−5), it failed to improve body weight
changes and survival rates. In another control set with GOC·
TFA, all mice were eventually dead, though statistical
significance was found in group 1 with a delayed mean
survival date (Figures 5f and S12b).
In contrast, when the mice were treated with OSC-

GCDI(P)/HPMCP, the alleviation of body weight decrease
was particularly evident in group 1 (Figures 5g and S12c). As a
result, survival rates improved to 80% in group 1, 40% in group
2, and 20% in groups 3 to 5, demonstrating statistical
significance. Although the complete therapeutic efficacy of
OSC-GCDI(P)/HPMCP with reduced treatment intervals
was not achieved, presumably due to the use of a highly lethal
virus dose, therapeutic effectiveness of OSC-GCDI(P)/
HPMCP against the OS-resistant virus surpassed that of OS-
P and GOC·TFA. Taken together, the results suggest that oral
administration of OSC-GCDI(P)/HPMCP not only offers
protection against a wild-type influenza virus but also against
an OS-resistant variant with NA(H275Y).

■ CONCLUSION
In the present study, we have developed novel GCDI-based
prodrugs of GOC with high oral bioavailability and extended
pharmacokinetics, targeting both wild-type and OS-resistant
influenza virus strains. The charge of the guanidine group is
effectively and temporarily concealed by the GCDI group,
increasing the lipophilicity and facilitating the drug absorption
through the intestinal barrier. This is the first study of GCDI-
based prodrugs with moderate reactivity with nucleophiles,
allowing them to be covalently conjugated to serum proteins
via a biodegradable linker. GOC, the active compound, can be
regenerated in serum in a sustained manner through the
hydrolysis of the linker.
Leveraging synergetic effects on intestinal adsorption and

slow metabolization, OSC-GCDI(P) has significantly en-
hanced bioavailability and pharmacokinetic half-life when
administered orally. Furthermore, OSC-GCDI(P) showed
markedly stronger therapeutic effects compared to OS-P and
GOC against both wild-type and H275Y mutant influenza
virus infections with just a single oral dose. OSC-GCDIs hold
potential as a promising new option against emerging or re-
emerging drug-resistant influenza viruses. Additionally, the
GCDI-based prodrug design strategy represents a versatile
platform technology to enhance the oral bioavailability and
serum longevity of various drug candidates containing
guanidine groups.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge on the
ACS Publications Web site. . The Supporting Information is
available free of charge at https://pubs.acs.org/doi/10.1021/
acscentsci.4c00548.

Stability and activation profiles of OSC-GCDIs,
proposed activation mechanism of OSC-GCDIs, analysis

ACS Central Science http://pubs.acs.org/journal/acscii Article

https://doi.org/10.1021/acscentsci.4c00548
ACS Cent. Sci. 2024, 10, 1573−1584

1581

https://pubs.acs.org/doi/10.1021/acscentsci.4c00548?goto=supporting-info
https://pubs.acs.org/doi/10.1021/acscentsci.4c00548?goto=supporting-info
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.4c00548?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


data of the OSC-GCDI-HSA conjugates, pharmacoki-
netic properties, therapeutic efficacy, HPMCP particle
characterization, detailed experimental procedures,
synthetic procedures, NMR spectra of compounds, and
supplemental references (PDF)

Transparent Peer Review report available (PDF)

■ AUTHOR INFORMATION

Corresponding Authors
Taeyang An − Department of Chemistry and Biochemistry,

University of California, La Jolla, California 92093, United
States; orcid.org/0000-0002-8802-6007; Email: taan@
ucsd.edu

Meehyein Kim − Infectious Diseases Therapeutic Research
Center, Korea Research Institute of Chemical Technology
(KRICT), Daejeon 34114, Republic of Korea; Graduate
School of New Drug Discovery and Development, Chungnam
National University, Daejeon 34134, Republic of Korea;
orcid.org/0000-0002-2851-5298; Email: mkim@

krict.re.kr
Yan Lee − Department of Chemistry, College of Natural

Sciences, Seoul National University, Seoul 08826, Republic of
Korea; School of Transdisciplinary Innovations, Seoul
National University, Seoul 08826, Republic of Korea;
orcid.org/0000-0003-2498-1301; Email: gacn@

snu.ac.kr

Authors
Yujeong Jung − Department of Chemistry, College of Natural

Sciences, Seoul National University, Seoul 08826, Republic of
Korea

Soo Bin Ahn − Infectious Diseases Therapeutic Research
Center, Korea Research Institute of Chemical Technology
(KRICT), Daejeon 34114, Republic of Korea; Graduate
School of New Drug Discovery and Development, Chungnam
National University, Daejeon 34134, Republic of Korea

Hyeon-Min Cha − Infectious Diseases Therapeutic Research
Center, Korea Research Institute of Chemical Technology
(KRICT), Daejeon 34114, Republic of Korea; Graduate
School of New Drug Discovery and Development, Chungnam
National University, Daejeon 34134, Republic of Korea

Minjae Kim − Department of Chemistry, College of Natural
Sciences, Seoul National University, Seoul 08826, Republic of
Korea

Hyunjin Cheon − Department of Chemistry, College of
Natural Sciences, Seoul National University, Seoul 08826,
Republic of Korea

Yejin Jang − Infectious Diseases Therapeutic Research Center,
Korea Research Institute of Chemical Technology (KRICT),
Daejeon 34114, Republic of Korea

Haemi Lee − Infectious Diseases Therapeutic Research Center,
Korea Research Institute of Chemical Technology (KRICT),
Daejeon 34114, Republic of Korea; orcid.org/0000-0002-
7866-4945

Byungil Kim − Infectious Diseases Therapeutic Research
Center, Korea Research Institute of Chemical Technology
(KRICT), Daejeon 34114, Republic of Korea; orcid.org/
0000-0002-1743-2657

Complete contact information is available at:
https://pubs.acs.org/10.1021/acscentsci.4c00548

Author Contributions
Y.J., S.B.A. and T.A. contributed equally to this work.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This research was supported by the National Research
Foundation of Korea (NRF) (NRF-2021R1A2C2004476 and
RS-2023-00217942 to Y.L., and RS-2024-00337276 to M.K.).
It was also supported by an intramural fund from Korea
Research Institute of Chemical Technology (KRICT; KK2432-
10 to M.K.).

■ REFERENCES
(1) Kim, C. U.; Lew, W.; Williams, M. A.; Wu, H.; Zhang, L.; Chen,
X.; Escarpe, P. A.; Mendel, D. B.; Laver, W. G.; Stevens, R. C.
Structure-activity relationship studies of novel carbocyclic influenza
neuraminidase inhibitors. J. Med. Chem. 1998, 41, 2451−2460.
(2) Das, K. Antivirals targeting influenza A virus. J. Med. Chem. 2012,

55, 6263−6277.
(3) Anuwongcharoen, N.; Shoombuatong, W.; Tantimongcolwat,
T.; Prachayasittikul, V.; Nantasenamat, C. Exploring the chemical
space of influenza neuraminidase inhibitors. PeerJ. 2016, 4, No. e1958.
(4) Lew, W.; Chen, X.; Kim, C. U. Discovery and development of
GS 4104 (oseltamivir): an orally active influenza neuraminidase
inhibitor. Curr. Med. Chem. 2000, 7, 663−672.
(5) Li, W.; Escarpe, P. A.; Eisenberg, E. J.; Cundy, K. C.; Sweet, C.;
Jakeman, K. J.; Merson, J.; Lew, W.; Williams, M.; Zhang, L.; et al.
Identification of GS 4104 as an orally bioavailable prodrug of the
influenza virus neuraminidase inhibitor GS 4071. Antimicrob. Agents
and Chemother. 1998, 42, 647−653.
(6) Kumar, S.; Goicoechea, S.; Kumar, S.; Pearce, C. M.; Durvasula,
R.; Kempaiah, P.; Rathi, B.; Poonam. Oseltamivir analogs with potent
anti-influenza virus activity. Drug Discovery Today 2020, 25, 1389−
1402.
(7) Pokorna, J.; Pachl, P.; Karlukova, E.; Hejdanek, J.; Rezacova, P.;
Machara, A.; Hudlicky, J.; Konvalinka, J.; Kozisek, M. Kinetic,
thermodynamic, and structural analysis of drug resistance mutations
in neuraminidase from the 2009 pandemic influenza virus. Viruses
2018, 10, 339.
(8) Sheu, T. G.; Deyde, V. M.; Okomo-Adhiambo, M.; Garten, R. J.;
Xu, X.; Bright, R. A.; Butler, E. N.; Wallis, T. R.; Klimov, A. I.;
Gubareva, L. V. Surveillance for neuraminidase inhibitor resistance
among human influenza A and B viruses circulating worldwide from
2004 to 2008. Antimicrob. Agents and Chemother. 2008, 52, 3284−
3292.
(9) Meijer, A.; Lackenby, A.; Hungnes, O.; Lina, B.; van der Werf,
S.; Schweiger, B.; Opp, M.; Paget, J.; van de Kassteele, J.; Hay, A.;
et al. Oseltamivir-resistant influenza virus A (H1N1), europe, 2007−
08 season. Emerg. Infect. Dis. 2009, 15, 552−560.
(10) Abed, Y.; Baz, M.; Boivin, G. Impact of neuraminidase
mutations conferring influenza resistance to neuraminidase inhibitors
in the N1 and N2 genetic backgrounds. Antivir. Ther. 2006, 11, 971−
976.
(11) Collins, P. J.; Haire, L. F.; Lin, Y. P.; Liu, J.; Russell, R. J.;
Walker, P. A.; Skehel, J. J.; Martin, S. R.; Hay, A. J.; Gamblin, S. J.
Crystal structures of oseltamivir-resistant influenza virus neuramini-
dase mutants. Nature 2008, 453, 1258−1261.
(12) Vergara-Jaque, A.; Poblete, H.; Lee, E. H.; Schulten, K.;
González-Nilo, F.; Chipot, C. Molecular basis of drug resistance in A/
H1N1 virus. J. Chem. Inf. Model. 2012, 52, 2650−2656.
(13) Woods, C. J.; Malaisree, M.; Long, B.; McIntosh-Smith, S.;
Mulholland, A. J. Analysis and assay of oseltamivir-resistant mutants
of influenza neuraminidase via direct observation of drug unbinding
and rebinding in simulation. Biochemistry 2013, 52, 8150−8164.
(14) Woods, J M; Bethell, R C; Coates, J A; Healy, N; Hiscox, S A;
Pearson, B A; Ryan, D M; Ticehurst, J; Tilling, J; Walcott, S M; et al.

ACS Central Science http://pubs.acs.org/journal/acscii Article

https://doi.org/10.1021/acscentsci.4c00548
ACS Cent. Sci. 2024, 10, 1573−1584

1582

https://pubs.acs.org/doi/suppl/10.1021/acscentsci.4c00548/suppl_file/oc4c00548_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.4c00548/suppl_file/oc4c00548_si_002.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Taeyang+An"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8802-6007
mailto:taan@ucsd.edu
mailto:taan@ucsd.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Meehyein+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2851-5298
https://orcid.org/0000-0002-2851-5298
mailto:mkim@krict.re.kr
mailto:mkim@krict.re.kr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2498-1301
https://orcid.org/0000-0003-2498-1301
mailto:gacn@snu.ac.kr
mailto:gacn@snu.ac.kr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yujeong+Jung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Soo+Bin+Ahn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hyeon-Min+Cha"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Minjae+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hyunjin+Cheon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yejin+Jang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haemi+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7866-4945
https://orcid.org/0000-0002-7866-4945
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Byungil+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1743-2657
https://orcid.org/0000-0002-1743-2657
https://pubs.acs.org/doi/10.1021/acscentsci.4c00548?ref=pdf
https://doi.org/10.1021/jm980162u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm980162u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm300455c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.7717/peerj.1958
https://doi.org/10.7717/peerj.1958
https://doi.org/10.2174/0929867003374886
https://doi.org/10.2174/0929867003374886
https://doi.org/10.2174/0929867003374886
https://doi.org/10.1128/AAC.42.3.647
https://doi.org/10.1128/AAC.42.3.647
https://doi.org/10.1016/j.drudis.2020.06.004
https://doi.org/10.1016/j.drudis.2020.06.004
https://doi.org/10.3390/v10070339
https://doi.org/10.3390/v10070339
https://doi.org/10.3390/v10070339
https://doi.org/10.1128/AAC.00555-08
https://doi.org/10.1128/AAC.00555-08
https://doi.org/10.1128/AAC.00555-08
https://doi.org/10.3201/eid1504.181280
https://doi.org/10.3201/eid1504.181280
https://doi.org/10.1177/135965350601100804
https://doi.org/10.1177/135965350601100804
https://doi.org/10.1177/135965350601100804
https://doi.org/10.1038/nature06956
https://doi.org/10.1038/nature06956
https://doi.org/10.1021/ci300343w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci300343w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi400754t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi400754t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi400754t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.4c00548?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


4-guanidino-2,4-dideoxy-2,3-dehydro-N-acetylneuraminic acid is a
highly effective inhibitor both of the sialidase (neuraminidase) and
of growth of a wide range of influenza A and B viruses in vitro.
Antimicrob. Agents and Chemother. 1993, 37, 1473−1479.
(15) Xie, Y.; Xu, D.; Huang, B.; Ma, X.; Qi, W.; Shi, F.; Liu, X.;
Zhang, Y.; Xu, W. Discovery of N-substituted oseltamivir derivatives
as potent and selective inhibitors of H5N1 influenza neuraminidase. J.
Med. Chem. 2014, 57, 8445−8458.
(16) Schade, D.; Kotthaus, J.; Riebling, L.; Kotthaus, J.; Muller-
Fielitz, H.; Raasch, W.; Koch, O.; Seidel, N.; Schmidtke, M.; Clement,
B. Development of novel potent orally bioavailable oseltamivir
derivatives active against resistant influenza A. J. Med. Chem. 2014,
57, 759−769.
(17) Cass, L. M.R.; Efthymiopoulos, C.; Bye, A. Pharmacokinetics of
zanamivir after intravenous, oral, inhaled or intranasal administration
to healthy volunteers. Clin. Pharmacokinet. 1999, 36, 1−11.
(18) Kasim, N. A.; Whitehouse, M.; Ramachandran, C.; Bermejo,
M.; Lennernas, H.; Hussain, A. S.; Junginger, H. E.; Stavchansky, S.
A.; Midha, K. K.; Shah, V. P.; et al. Molecular properties of WHO
essential drugs and provisional biopharmaceutical classification. Mol.
Pharmaceutics 2004, 1, 85−96.
(19) Takagi, T.; Ramachandran, C.; Bermejo, M.; Yamashita, S.; Yu,
L. X.; Amidon, G. L. A provisional biopharmaceutical classification of
the top 200 oral drug products in the united states, great britain,
spain, and japan. Mol. Pharmaceutics 2006, 3, 631−643.
(20) Dahan, A.; Miller, J. M.; Amidon, G. L. Prediction of solubility
and permeability class membership: provisional BCS classification of
the world’s top oral drugs. AAPS J. 2009, 11 (4), 740−746.
(21) Sun, J.; Miller, J. M.; Beig, A.; Rozen, L.; Amidon, G. L.; Dahan,
A. Mechanistic enhancement of the intestinal absorption of drugs
containing the polar guanidino functionality. Expert Opin. Drug Metab.
Toxicol. 2011, 7, 313−323.
(22) Incecayir, T.; Sun, J.; Tsume, Y.; Xu, H.; Gose, T.; Nakanishi,
T.; Tamai, I.; Hilfinger, J.; Lipka, E.; Amidon, G. L. Carrier-mediated
prodrug uptake to improve the oral bioavailability of polar drugs: an
application to an oseltamivir analogue. J. Pharm. Sci. 2016, 105, 925−
934.
(23) Sun, J.; Dahan, A.; Amidon, G. L. Enhancing the intestinal
absorption of molecules containing the polar guanidino functionality:
a double-targeted prodrug approach. J. Med. Chem. 2010, 53, 624−
632.
(24) Varghese Gupta, S.; Gupta, D.; Sun, J.; Dahan, A.; Tsume, Y.;
Hilfinger, J.; Lee, K.-D.; Amidon, G. L. Enhancing the intestinal
membrane permeability of zanamivir: a carrier mediated prodrug
approach. Mol. Pharmaceutics 2011, 8, 2358−2367.
(25) Gupta, D.; Varghese Gupta, S.; Dahan, A.; Tsume, Y.; Hilfinger,
J.; Lee, K.-D.; Amidon, G. L. Increasing oral absorption of polar
neuraminidase inhibitors: a prodrug transporter approach applied to
oseltamivir analogue. Mol. Pharmaceutics 2013, 10, 512−522.
(26) Miller, J. M.; Dahan, A.; Gupta, D.; Varghese, S.; Amidon, G. L.
Enabling the intestinal absorption of highly polar antiviral agents: Ion-
pair facilitated membrane permeation of zanamivir heptyl ester and
guanidino oseltamivir. Mol. Pharmaceutics 2010, 7, 1223−1234.
(27) Liu, K.-C.; Lee, P.-S.; Wang, S.-Y.; Cheng, Y.-S. E.; Fang, J.-M.;
Wong, C.-H. Intramolecular ion-pair prodrugs of zanamivir and
guanidino-oseltamivir. Bioorg. Med. Chem. 2011, 19, 4796−4802.
(28) Song, I. S.; Choi, M. K.; Shim, W. S.; Shim, C. K. Transport of
organic cationic drugs: effect of ion-pair formation with bile salts on
the biliary excretion and pharmacokinetics. Pharmacol. Therapeut.
2013, 138, 142−154.
(29) Miller, J. M.; Dahan, A.; Gupta, D.; Varghese, S.; Amidon, G. L.
Quasi-equilibrium analysis of the ion-pair mediated membrane
transport of low-permeability drugs. J. Controlled Release 2009, 137,
31−37.
(30) Hsu, P.-H.; Chiu, D.-C.; Wu, K.-L.; Lee, P.-S.; Jan, J.-T.; Cheng,
Y.-S. E.; Tsai, K.-C.; Cheng, T.-J.; Fang, J.-M. Acylguanidine
derivatives of zanamivir and oseltamivir: potential orally available
prodrugs against influenza viruses. Eur. J. Med. Chem. 2018, 154,
314−323.

(31) Humphreys, W. G.; Obermeier, M. T.; Chong, S.; Kimball, S.
D.; Das, J.; Chen, P.; Moquin, R.; Han, W. C.; Gedamke, R.; White,
R. E.; et al. Oxidative activation of acylguanidine prodrugs: intestinal
presystemic activation in rats limits absorption and can be inhibited
by co-administration of ketoconazole. Xenobiotica 2003, 33, 93−106.
(32) Arafa, R. K.; Brun, R.; Wenzler, T.; Tanious, F. A.; Wilson, W.
D.; Stephens, C. E.; Boykin, D. W. Synthesis, DNA affinity, and
antiprotozoal activity of fused ring dicationic compounds and their
prodrugs. J. Med. Chem. 2005, 48, 5480−5488.
(33) Maryanoff, B. E.; McComsey, D. F.; Costanzo, M. J.; Yabut, S.
C.; Lu, T.; Player, M. R.; Giardino, E. C.; Damiano, B. P. Exploration
of potential prodrugs of RWJ-445167, an oxyguanidine-based dual
inhibitor of thrombin and factor Xa. Chem. Biol. Drug Des. 2006, 68,
29−36.
(34) Arafa, R. K.; Ismail, M. A.; Munde, M.; Wilson, W. D.; Wenzler,
T.; Brun, R.; Boykin, D. W. Novel linear triaryl guanidines, N-
substituted guanidines and potential prodrugs as antiprotozoal agents.
Eur. J. Med. Chem. 2008, 43, 2901−2908.
(35) Schade, D.; Kotthaus, J.; Riebling, L.; Kotthaus, J.; Müller-
Fielitz, H.; Raasch, W.; Hoffmann, A.; Schmidtke, M.; Clement, B.
Zanamivir amidoxime- and N-hydroxyguanidine-based prodrug
approaches to tackle poor oral bioavailability. J. Pharm. Sci. 2015,
104, 3208−3219.
(36) Clement, B.; Mau, S.; Deters, S.; Havemeyer, A. Hepatic,
extrahepatic, microsomal, and mitochondrial activation of the N-
hydroxylated prodrugs benzamidoxime, guanoxabenz, and Ro 48−
3656 ([[1-[(2s)-2-[[4-[(hydroxyamino)iminomethyl]benzoyl]-
amino]-1-oxopropyl]-4-piperidinyl]oxy]-acetic acid). Drug Metab.
Dispos. 2005, 33, 1740−1747.
(37) An, T.; Kang, B.; Kang, S.; Pac, J.; Youk, J.; Lin, D.; Lee, Y.
Guanidine cyclic diimides and their polymers. Chem. Commun. 2019,
55, 10222−10225.
(38) Padhye, T.; Maravajjala, K. S.; Swetha, K. L.; Sharma, S.; Roy,
A. A comprehensive review of the strategies to improve oral drug
absorption with special emphasis on the cellular and molecular
mechanisms. J. Drug Delivery Sci. Technol. 2021, 61, 102178.
(39) Lipinski, C. A.; Lombardo, F.; Dominy, B. W.; Feeney, P. J.
Experimental and computational approaches to estimate solubility and
permeability in drug discovery and development settings. Adv. Drug
Delivery Rev. 1997, 23, 3−25.
(40) Lipinski, C. A. Lead- and drug-like compounds: the rule-of-five
revolution. Drug Discovery Today Technol. 2004, 1, 337−341.
(41) Kansy, M.; Senner, F.; Gubernator, K. Physicochemical high
throughput screening: parallel artificial membrane permeation assay in
the description of passive absorption processes. J. Med. Chem. 1998,
41, 1007−1010.
(42) Buss, J. L.; Hasinoff, B. B. A quantitative structure-activity
relationship study of the rate of imide hydrolysis as a predictive model
for the hydrolysis-activation of analogs of the cardioprotective agent
dexrazoxane. J. Mol. Model. 2001, 7, 438−444.
(43) Sen, S.; Perrin, M. W.; Sedgwick, A. C.; Lynch, V. M.; Sessler, J.
L.; Arambula, J. F. Covalent and non-covalent albumin binding of
Au(I) bis-NHCs via post-synthetic amide modification. Chem. Sci.
2021, 12, 7547−7553.
(44) Reja, R. M.; Wang, W.; Lyu, Y.; Haeffner, F.; Gao, J. Lysine-
targeting reversible covalent inhibitors with long residence time. J.
Am. Chem. Soc. 2022, 144, 1152−1157.
(45) Hoogenboezem, E. N.; Duvall, C. L. Harnessing albumin as a
carrier for cancer therapies. Adv. Drug Delivery Rev. 2018, 130, 73−89.
(46) Chung, S. W.; Choi, J. u.; Lee, B. S.; Byun, J.; Jeon, O.-C.; Kim,
S. W.; Kim, I.-S.; Kim, S. Y.; Byun, Y. Albumin-binding caspase-
cleavable prodrug that is selectively activated in radiation exposed
local tumor. Biomaterials 2016, 94, 1−8.
(47) Li, Z.; Meng, Y.; Xu, S.; Shen, W.; Meng, Z.; Wang, Z.; Ding,
G.; Huang, W.; Xiao, W.; Xu, J. Discovery of acylguanidine
oseltamivir carboxylate derivatives as potent neuraminidase inhibitors.
Bioorg. Med. Chem. 2017, 25, 2772−2781.
(48) Ward, K. W.; Azzarano, L. M.; Evans, C. A.; Smith, B. R.
Apparent absolute oral bioavailability in excess of 100% for a

ACS Central Science http://pubs.acs.org/journal/acscii Article

https://doi.org/10.1021/acscentsci.4c00548
ACS Cent. Sci. 2024, 10, 1573−1584

1583

https://doi.org/10.1128/AAC.37.7.1473
https://doi.org/10.1128/AAC.37.7.1473
https://doi.org/10.1128/AAC.37.7.1473
https://doi.org/10.1021/jm500892k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm500892k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm401492x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm401492x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2165/00003088-199936001-00001
https://doi.org/10.2165/00003088-199936001-00001
https://doi.org/10.2165/00003088-199936001-00001
https://doi.org/10.1021/mp034006h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mp034006h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mp0600182?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mp0600182?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mp0600182?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1208/s12248-009-9144-x
https://doi.org/10.1208/s12248-009-9144-x
https://doi.org/10.1208/s12248-009-9144-x
https://doi.org/10.1517/17425255.2011.550875
https://doi.org/10.1517/17425255.2011.550875
https://doi.org/10.1016/j.xphs.2015.11.036
https://doi.org/10.1016/j.xphs.2015.11.036
https://doi.org/10.1016/j.xphs.2015.11.036
https://doi.org/10.1021/jm9011559?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm9011559?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm9011559?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mp200291x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mp200291x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mp200291x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mp300564v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mp300564v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mp300564v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mp100050d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mp100050d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mp100050d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bmc.2011.06.080
https://doi.org/10.1016/j.bmc.2011.06.080
https://doi.org/10.1016/j.pharmthera.2013.01.006
https://doi.org/10.1016/j.pharmthera.2013.01.006
https://doi.org/10.1016/j.pharmthera.2013.01.006
https://doi.org/10.1016/j.jconrel.2009.02.018
https://doi.org/10.1016/j.jconrel.2009.02.018
https://doi.org/10.1016/j.ejmech.2018.05.030
https://doi.org/10.1016/j.ejmech.2018.05.030
https://doi.org/10.1016/j.ejmech.2018.05.030
https://doi.org/10.1080/0049825021000012592
https://doi.org/10.1080/0049825021000012592
https://doi.org/10.1080/0049825021000012592
https://doi.org/10.1021/jm058190h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm058190h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm058190h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1111/j.1747-0285.2006.00408.x
https://doi.org/10.1111/j.1747-0285.2006.00408.x
https://doi.org/10.1111/j.1747-0285.2006.00408.x
https://doi.org/10.1016/j.ejmech.2008.02.008
https://doi.org/10.1016/j.ejmech.2008.02.008
https://doi.org/10.1002/jps.24508
https://doi.org/10.1002/jps.24508
https://doi.org/10.1124/dmd.105.005249
https://doi.org/10.1124/dmd.105.005249
https://doi.org/10.1124/dmd.105.005249
https://doi.org/10.1124/dmd.105.005249
https://doi.org/10.1124/dmd.105.005249
https://doi.org/10.1039/C9CC04522H
https://doi.org/10.1016/j.jddst.2020.102178
https://doi.org/10.1016/j.jddst.2020.102178
https://doi.org/10.1016/j.jddst.2020.102178
https://doi.org/10.1016/S0169-409X(96)00423-1
https://doi.org/10.1016/S0169-409X(96)00423-1
https://doi.org/10.1016/j.ddtec.2004.11.007
https://doi.org/10.1016/j.ddtec.2004.11.007
https://doi.org/10.1021/jm970530e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm970530e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm970530e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00894-001-0062-9
https://doi.org/10.1007/s00894-001-0062-9
https://doi.org/10.1007/s00894-001-0062-9
https://doi.org/10.1007/s00894-001-0062-9
https://doi.org/10.1039/D1SC01055G
https://doi.org/10.1039/D1SC01055G
https://doi.org/10.1021/jacs.1c12702?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c12702?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.addr.2018.07.011
https://doi.org/10.1016/j.addr.2018.07.011
https://doi.org/10.1016/j.biomaterials.2016.03.043
https://doi.org/10.1016/j.biomaterials.2016.03.043
https://doi.org/10.1016/j.biomaterials.2016.03.043
https://doi.org/10.1016/j.bmc.2017.03.052
https://doi.org/10.1016/j.bmc.2017.03.052
https://doi.org/10.1080/0049825042000205540
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.4c00548?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


vitronectin receptor antagonist (SB-265123) in rat. I. investigation of
potential experimental and mechanistic explanations. Xenobiotica
2004, 34, 353−366.
(49) Ward, K. W.; Hardy, L. B.; Kehler, J. R.; Azzarano, L. M.;
Smith, B. R. Apparent absolute oral bioavailability in excess of 100%
for a vitronectin receptor antagonist (SB-265123) in rat. II. studies
implicating transporter-mediated intestinal secretion. Xenobiotica
2004, 34, 367−377.
(50) Kratochwil, N. A.; Huber, W.; Müller, F.; Kansy, M.; Gerber, P.
R. Predicting plasma protein binding of drugs: a new approach.
Biochem. Pharmacol. 2002, 64, 1355−1374.
(51) Zoghbi, S. S.; Anderson, K. B.; Jenko, K. J.; Luckenbaugh, D.
A.; Innis, R. B.; Pike, V. W. On quantitative relationships between
drug-like compound lipophilicity and plasma free fraction in monkey
and human. J. Pharm. Sci. 2012, 101, 1028−1039.
(52) Ermondi, G.; Lorenti, M.; Caron, G. Contribution of ionization
and lipophilicity to drug binding to albumin: a preliminary step
toward biodistribution prediction. J. Med. Chem. 2004, 47, 3949−
3961.
(53) Davies, B. E. Pharmacokinetics of oseltamivir: an oral antiviral
for the treatment and prophylaxis of influenza in diverse populations.
J. Antimicrob. Chemother. 2010, 65, ii5−ii10.

ACS Central Science http://pubs.acs.org/journal/acscii Article

https://doi.org/10.1021/acscentsci.4c00548
ACS Cent. Sci. 2024, 10, 1573−1584

1584

https://doi.org/10.1080/0049825042000205540
https://doi.org/10.1080/0049825042000205540
https://doi.org/10.1080/0049825042000205540a
https://doi.org/10.1080/0049825042000205540a
https://doi.org/10.1080/0049825042000205540a
https://doi.org/10.1016/S0006-2952(02)01074-2
https://doi.org/10.1002/jps.22822
https://doi.org/10.1002/jps.22822
https://doi.org/10.1002/jps.22822
https://doi.org/10.1021/jm040760a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm040760a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm040760a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/jac/dkq015
https://doi.org/10.1093/jac/dkq015
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.4c00548?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as



